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ABSTRACT 
Results are presented concerning the velocity of tne 
solar wind plasma as deduced from tne observations of 
Type I (ion) tails contained in the comet catalogue of 
Belton and Brandt (1966). The analysis is in tne spirit 
of the early work by Biermann (1951) where tne orientations 
are interpreted on the basis of dynamical aberration. 
major conclusions are as follows: 
The 
(i) the solar wind has a fairly sharp velocity mini- 
mum at 150 2 50 km/sec; this agrees witn the prediction of 
Axford, Dessler, and Gottlieb (1963). 
(ii) the solar wind velocity is correlated witn 
geomagnetic activity in a manner which confirms tne rela- 
tionship found from the Mariner I1 data by Snyder, Neugebauer, 
and Rao (1963) and from the travel times for geomagnetic 
storms by Hirshberg (1965). The comet tail, Mariner 11, 
and storm data are consistent with the expressions 




0.20 w = 316 A 
P 
where w is the solar wind velocity, CK is the sum of K 
P P 
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f o r  t h e  day i n  q u e s t i o n ,  and A i s  t h e  s u r f a c e  magnetic 
d i s tu rbance  index.  These s t a t i s t i ca l  r e l a t i o n s  hold over  
n e a r l y  the  e n t i r e  range of t h e  magnetic i n d i c e s .  
P 
(iii) t h e s e  r e l a t i o n s  p r e d i c t  a mean plasma v e l o c i t y  
of 500 km/sec with o n l y  a 50 km,/sec spread i n  the means 
between y e a r s  of  solar maximum and solar minimum. 
( i v )  evidence i s  found f o r  a mean t a n g e n t i a l  compo- 
nent  of t h e  solar wind v e l o c i t y  nea r  t h e  E a r t h  o f  -10 km/sec 
d i r e c t e d  i n  t he  sense  of t h e  solar r o t a t i o n ;  t h e  va lue  of 
tne t a n g e n t i a l  v e l o c i t y  i s  a p p a r e n t l y  l o w e r  for q u i e t  
cond i t ions  and h igher  f o r  d i s t u r b e d  c o n d i t i o n s  i n  t h e  
i n t e r p l a n e t a r y  medium. 
(v)  t h e  sample of Type I comet t a i l s  (both d i r e c t  
and r e t r o g r a d e )  i s  n o t  uniformly d i s t r i b u t e d  i n  space and 
t ime,  and care must be exerc ised  i n  drawing conclus ions  
from the  sample p r e s e n t l y  a v a i l a b l e :  sucn bias may (a t  
l e a s t  i n  p a r t )  account f o r  t h e  c u r i o u s  dependence of t h e  
s o l a r  wind v e l o c i t y  on h e l i o g r a p h i c  l a t i t u d e  found by Pflug 
(1965) where t h e  minimum v e l o c i t y  i s  found i n  t he  sunspot  
zone. I t  appears t h a t  t h e  l a t i t u d e  dependence o f  t h e  plasma 
v e l o c i t y  cannot be determined wi th  tne informat ion  p r e s e n t l y  
a v a i l a b l e .  
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I. INTRODUCTION 
(a) History 
The physics of comets and particuiarly their tails is 
now known to be closely linked with tne properties of the 
interplanetary gas. 
as the result of the interaction between the solar wind and 
the cometary material. Over a decade ago, Biermann (1951, 
1953) used Hoffmeister's (1943) observations of orientations 
of ion tails to confirm the approximate value of tne plasma 
velocity derived from the study of tail knots; the basic 
assumption is that the average orientation is determined by 
dynamical aberration, i.e., by the direction of motion of 
t h e  solar wind plasma as seen by an observer on the comet. 
Many cometary phenomena can be regarded 
Brandt (1961) suggested tnat a model of the inter- 
planetary plasma could be constructed from a large sample 
of observations of comet tail orientations; the first 
attempt at such a sample is now available in the catalogue 
of Belton and Brandt (1966). These authors have emphasized 
tnat the primary value of tne catalogue is in the basic data 
and no interpretation is found therein. The present paper 
deals exclusively with the interpretation of the Type I, or 
- 4 -  f 
ion tails; Belton (1965a,b) has considered the interpretation 
of the Type I1 or dust tail data contained in the catalogue. 
After the Introduction, the Sections of this paper deal, 
in turn, with the minimum plasma velocity, the correlation of 
the plasma velocity with geomagnetic activity, the tangential 
or azimuthal velocity of the plasma, and the possible rami- 
fications of a bias in the sample. The remainder of the 
Introduction deals with the form of the data and the equations 
needed. 
b) Basic Relations and Concepts 
The comet catalogue (Beiton and Brandt 1966) gives the 
aberration angle e which is the angle between the axis of 
the comet tail and the prolonged radius vector: this angle 
follows from the assumption that the tail lies in the plane 
of the orbit of the comet, tne geometry, and the measurement 
or computation of.the position angle ( e )  of the tail, the 
position angle (6) of the prolonged radius vector, and the 
position angle ($1 of the velocity vector backward along the 
orbit of the comet. 
describing the position and velocity of the comet. 
Also tabulated are various quantities 
The velocity of tne solar wind then follows from the 
4 
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assumption of  dynamical a b e r r a t i o n ,  and t h e  equa t ion  i s  
V s i n  y - w cos  i 
w - v cos y 
t t a n  6 = 
r 
where E: i s  t n e  a b e r r a t i o n  angle  (descr ibed  above) ,  V i s  t h e  
v e l o c i t y  of t h e  comet, y i s  t h e  ang le  between t h e  r a d i u s  
v e c t o r  and t h e  comet 's  v e l o c i t y  v e c t o r  V,  w i s  t h e  r a d i a l  
v e l o c i t y  of t h e  s o l a r  plasma, w i s  t h e  t a n g e n t i a l  v e l o c i t y  
( taken  p o s i t i v e  i n  t h e  sense of s o l a r  r o t a t i o n ) ,  i i s  t h e  
i n c l i n a t i o n  of t h e  comet's o r b i t  t o  t h e  p lane  of t h e  e c l i p t i c  
and w cos i i s  approximately the component o f  t h e  s o l a r  
wind v e l o c i t y  i n  t h e  p lane  of the  comet 's  o r b i t  and perpendi- 
c u l a r  t o  t n e  r a d i u s  vec to r  r .  Note t n a t  t h e  e x i s t e n c e  of a 
t a n g e n t i a l  component g e n e r a l l y  imp l i e s  t h a t  t n e  t a i l  v e c t o r  
t cannot l i e  e x a c t l y  i n  t h e  plane of t h e  o r b i t .  Mammano and 




a t t empt  t o  s t u d y  d e p a r t u r e s  of an i o n i c  t a i l  from t h e  o r b i t a l .  
p l ane  because t n e  obse rva t ions  were obta ined  when t h e  Ea r th  
w a s  e s s e n t i a l l y  i n  t h e  o r b i t a l  plane of  t h e  comet. Mammano 
and Wurm (1965) f i n d  tnat on the  averaqe t h e  t a i l  of  Comet 
Danie l  w a s  e s s e n t i a l l y  i n  t h e  o r b i t a l  p l a n e  o f  t h e  comet: 
tnis r e s u l t  i s  n o t  t o o  s u r p r i s i n g  because of  Comet D a n i e l ' s  
C 
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0 l o w  i n c l i n a t i o n  o f  7 . 
I n  much of t n e  fol lowing d i s c u s s i o n ,  t h e  t a n g e n t i a l  
v e l o c i t y  i s  taken  a s  zero. The solar wind v e l o c i t y  t h u s  
de f ined  i s  t a b u l a t e d  by  Belton and Brandt (1966). I n  subse- 
quent  development, w s t a n d s  for  t h e  r a d i a l  v e l o c i t y  of t n e  
solar wind. 
This i n v e s t i g a t i o n  i s  l i m i t e d  t o  approximately 600 
photographic obse rva t ions  of t a i l s  cons idered  t o  be Type I. 
The i n d i v i d u a l  obse rva t ions  are u s u a l l y  f a i r l y  u n c e r t a i n  and 
t h e  d i scuss ion  i s  u s u a l l y  i n  terms of groups o f  obse rva t ions .  
Sources of u n c e r t a i n t y  are: (1) rea l  v a r i a t i o n s  w i t h i n  t h e  
group; (2)  p o s s i b l e  e f f e c t s  of  a t a n g e n t i a l  motion of t h e  
plasma i f  no t  s p e c i f i c a l l y  taken i n t o  account  (see Sec t ion  
IV) ;  ( 3 )  tne  p o s s i b i l i t y  t n a t  tne t a i l  does n o t  l i e  i n  t h e  
camet's o rb i t a l  p lane ;  (4) t n e  d i i f i c u l t y  o f  measuring t n e  
correct t a i l  a x i s  towards which t h e  t a i l  streamers t u r n  (see 
Mammano and Wurm 1965); (5) measuring errors (es t imated  t o  be 
1.O5 i n  0 ) ;  (6) computat ional  e r rors ;  (7) i n c o r r e c t  t a i l  
t ypes .  The problem i s  f u r t n e r  complicated by  the  error i n  
w be ing  a func t ion  of  e .  
i s  a m i n o r  complicat ion,  b u t  f o r  an e of  1 , a lo error i s  a 
d i s a s t e r .  The r e s u l t  i s  t h a t  v e l o c i t i e s  i n  t h e  range 200- 
Thus, for  an 6 of loo,  a lo error 
0 
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300 km/sec and below are comparatively well determined while 
larger values individually contain usually only the informa- 
tion that the velocity is large compared to 200-300 km/sec. 
Indeed, some perfectly valid observations are displaced by 
errors into the “forbidden quadrantur preceeding the comet 
with c negative. Any acceptable scneme of averaging must 
take full account of these observations. 
The procedure adopted here (and by others) is to form 
means of w . As a working variable, w may be positive, 
zero, or negative and thus all appropriate observations are 
included. The crucial point is the benavior of tne working 
-1 variable near c = 0, where w varies smoothly and has no 
singularities. 
to $03 or -00 depending on wnich way c = 0 is approached. 
1 Physically, one may think of - as being directly proportional 
to tan c (see equation 1). However, the adopted procedure 
introduces another problem, namely that (w) is generally not 
equal to (--) 
ity. An attempt to treat this situation is contained in an 
earlier report (Brandt 1965; Table I). There, the difference 
between the two means was estimated using a distribution 
function of the form, f(w) = exp - [(w-wo)/Sw] . 
-1 -1 
This criterion is not met by w which tends 
W 
1 - 1  1 - 1  , and usually (w) > (;) , by Cauchy’s inequal- 
2 However, 
b 
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the preliminary treatment neglected two points whicn tend to 
preserve equality between (w) and <;> . (1) The crucial 
parameter in the comparison is the dispersion 6w which must 
be computed from the spread in the values of - or a quantity 
1 1 1 6 (;). Now a given value of 6(-) or the dispersion in - 
W W 
implies a sharper cutoff in f(w) on the l o w  velocity side of 
the mean than on the high velocity side. Thus, the use of 
a mean 6w results in an underestimate of (-) . (2) The 
use of an idealized form for f(w) also entirely neglects 
the effects of the negative values of - (which correspond to 
very high velocities) which are used in forming the means. 
The result again is to underestimate tne value of (-) . 
Since the two effects cited tend to restore equality of (w) 
and (--) 
1 1-1 distribution function in w or - we adopt the values (--) 
W' 








1 - 1  
W 
1 -1 , and in view of our ignorance concerning the 
The geometrical configuration appropriate to the ob- 
servations is variable and strongly influences the accuracy 
of the determination of 8 .  The accuracy must be poor, for 
example, wnen the Earth is near the plane of the orbit of 
tne comet under observation. Belton and Brandt (1966) have 
tabulated the quantity ds/de wnich gives tne rate of cnange 
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of the aberration angle c with respect to the measured 
position angle of the tail, 8 .  Thus, we may recall that 8 has 
an average uncertainty of approximately 1. 5 to compute an 
uncertainty in e arising from errors of measurement. As one 





W w >> V cos y)  , and hence, the uncertainty in - is propor- 
tional to sec2 e (de/d8). We tnen define a relative weignt by 
2 de)-2 = (sec e - d8 
and group means are formed by 
The prcbable error of tiie m a n  can then (optimistically) 
be computed from 
r 1 
wnere n is the number of independent observations in the 
group. In tne discussion, we tefer to the quantity defined 
by equation (4) but without the factor of (n-1) in the si 
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denominator as the "intrinsic dispersion. 
Appendix A gives a tabulation of the comets used, the 
number of observations of each, and the total weight per 
comet. Notice that the distribution of weights among comets 
is very uneven with a small number of comets comprising the 
bulk of the total weight; for example, Comets Morehouse 
(1908C), Whipple-Fedtke-Tevzadze (19426) , and Mrkos (1957D) 
comprise about 3/4 of the total weight of observations used 
in this investigation. This undesirable but unavoidable 
situation is further discussed in Sections V and VI. 
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11. THE MINIMUM VELOCITY OF THE SOLAR WIND 
Here, we  are i n t e r e s t e d  i n  t h e  v e l o c i t i e s  below 200-300 
km/sec and hence, (as explained above), we  may u s e  t h e  i n d i v i -  
d u a l  v e l o c i t i e s  as t a b u l a t e d  i n  t h e  ca ta logue .  These are 
grouped by 50 km/sec i n t e r v a l s  and p l o t t e d  i n  a h i s togram by 
number and by weight.  F i g u r e  1 shows t h e s e  r e s u l t s  f o r  
assumed t a n g e n t i a l  v e l o c i t i e s  (w ) of  0, 7 ,  and ItJ km/sec. t 
As is  found i n  S e c t i o n  4 ,  t h e  most probable  va lue  of  t h e  
t a n g e n t i a l  v e l o c i t y  for t h e  "qu ie t  c o n d i t i o n s "  corresponding 
to  t h e s e  l o w  v e l o c i t i e s  i s  between 0 and 7 km/sec. 
The h is tograms i n  F igure  1 c l e a r l y  show the c u t o f f  i n  
t h e  s o l a r  wind v e l o c i t y  a t  150 km/sec wi th  an es t imated  
error of  f 50 km/sec. The r e a l i t y  of  the c u t o f f  i s  s t r o n g l y  
r e i n f o r c e d  by t h e  f a c t  t ha t  it i s  s h a r p e r  by weight than  by 
number; t h u s ,  the  handfu l  of  obse rva t ions  b e l o w  the c u t o f f  
are p r e f e r e n t i a l l y  of low q u a l i t y .  
This p o i n t  can be i l l u s t r a t e d  wi th  the  fo l lowing  
f i g u r e s  which apply  t o  the v e l o c i t i e s  below 100 km/sec. 
t o t a l  w e i g h t  of t h e  2 0  obse rva t ions  b e l o w  100 km/sec i s  
about  6 ,  5 of which a r e  contained i n  a s i n g l e  obse rva t ion  
(No.  9 2 ) .  A check of  t h i s  obse rva t ion  d i s c l o s e s  t h a t  i t  i s  
The 
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considered very  u n c e r t a i n  by t h e  obse rve r  ( C u r t i s s  1903) .  I f  
t h i s  observa t ion  i s  omi t t ed ,  t h e  average  weight below 100 
km/sec i s  -0.05 as compared t o  an average of d . 4  f o r  a l l  604 
photographic obse rva t ions  of Type I comet t a i l s .  
t h e  do t t ed  po r t ion  of  t he  diagram between 0 and 100 km/sec 
shows the  s i t u a t i o n  wi th  t h e  i n c l u s i o n  of t h e  s u s p e c t  obser- 
v a t i o n ,  and t h e  corresponding so l id  l i n e  r e p r e s e n t s  t h e  re- 
s u l t s  with i t  removed. 
I n  F igu re  1, 
This lower bound i s  of i n t e r e s t  i n  connec t ion  wi th  t h e  
o r i g i n  of the s o l a r  w i n d ,  and, i n  p a r t i c u l a r ,  w i th  the  pre- 
d i c t i o n  of Axford, Dess l e r ,  and G o t t l i e b  (1963) t h a t  t h e  
s o l a r  wind v e l o c i t y  i s  e i t h e r  z e r o  o r  g r e a t e r  than about  
100 km/sec. Their argument i s  based on t h e  f a c t  t h a t  t h e  
s o l a r  magnetic f i e l d  would conf ine  t h e  plasma u n l e s s  t h e  
v e l o c i t y  w e r e  s u f f i c i e n t l y  high;  the  v a l u e s  of  the  c u t o f f  
v e l o c i t y  found h e r e  (150 km/sec) and p r e d i c t e d  (100 km/sec) 
should be regarded i n  e s s e n t i a l  agreement because of t h e  
u n c e r t a i n t y  of  va r ious  q u a n t i t i e s  e n t e r i n g  i n t o  the  ca lcu-  
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111. THE CORRELATION OF THE SOLAR WIND VELOCITY 
WITH GEOMAGNETIC ACTIVITY 
For some y e a r s ,  geophys ic i s t s  and astronomers have been 
i n t e r e s t e d  i n  determining t h e  p a t h s  of p a r t i c l e s  e j e c t e d  
from t h e  Sun. The g e n e r a l  problem i s  o f  i n t e r e s t  i n  a u r o r a l  
t h e o r i e s ,  and rece ived  added impetus wi th  Bar te l ' s  (1932) 
p o s t u l a t i o n  of  t h e  solar "M regions" thought t o  be r e s p o n s i b l e  
for  t h e  weaker geomagnetic d i s tu rbances .  I t  i s  now over  30 
y e a r s  later and t h e  solar M reg ions  are s t i l l  n o t  i d e n t i f i e d ;  
indeed ,  t h e i r  a s s o c i a t i o n  w i t h  a c t i v e  r eg ions  i s  s t i l l  con- 
t r o v e r s i a l .  M u s t e l  (1964, 1965) affirms t h a t  active r e g i o n s  
are r e s p o n s i b l e  whi le  Al len  (1944),  Pecker and Roberts  (1955) ,  
and Saemundsson (1962) deny t h i s .  Even t h e  Mariner I1 d a t a  
wi th  i t s  r e l a t i v e l y  p r e c i s e  v e l o c i t y  de t e rmina t ions  h a s  n o t  
l e d  t o  t h e  r e s o l u t i o n  of the d i l e m m a  a s  r e p o r t e d  by Synder, 
Neugebauer, and Rao (1963).  Recent ly ,  Saito (1965) h a s  
r e p o r t e d  evidence of non-radial  plasma e j e c t i o n  i n  connect ion 
wi th  t h e  r e c u r r e n t  magnetic storms. T h e  s i t u a t i o n  i s  un- 
doubtedly complex and is made more so by t h e  i n t e r a c t i o n  
between t h e  components of t h e  s o l a r  plasma t r a v e l i n g  a t  d i f f -  
e r e n t  v e l o c i t i e s  and t h e  p o s s i b i l i t y  of motion i n  l a t i t u d e .  
Thus, i t  i s  clear t h a t  o u r  knowledge of t h e  t r a j e c t o r i e s  of 
- 14 - 
p a r t i c l e s  ejected from t h e  Sun i s  q u i t e  incomplete.  
r a t h e r  d i f f i c u l t  t o  b e l i e v e  on p h y s i c a l  grounds t h a t  t h e  
M reg ions  are a s s o c i a t e d  with anyth ing  b u t  t h e  a c t i v e  solar  
r eg ions  o r  " c e n t e r s  of  a c t i v i t y . "  The s i g n i f i c a n t  p o i n t  of 
i n t e r e s t  h e r e  is  t h a t  i t  has  n o t  been p o s s i b l e  to  e s t a b l i s h  
t h i s  r e s u l t  i n c o n t r o v e r t i b l y  on t h e  basis of trajectories 
even with t h e  v e l o c i t i e s  known (Mariner 11). 
I t  is 
The problem f o r  t h e  a n a l y s i s  of t h e  comet d a t a  i s  to  
compute a "time d i f f e r e n t i a l "  t o  be a p p l i e d  t o  t h e  t i m e  of 
comet observa t ion ;  t h i s  " t i m e  d i f f e r e n t i a l "  r e f e r s  t h e  t i m e  
to  Earth and one can then  u t i l i z e  t h e  t a b u l a t e d  geomagnetic 
i nd ices .  Our primary i n t e r e s t  i s  i n  the long-l ived streams 
o r  beams which show t h e  27-day r ecu r rence ;  t h e  problem i s  
rendered tractable by t h e  r e l a t i v e l y  l a r g e  width or  th i ck -  
nes s  over which the p r o p e r t i e s  can be regarded  as e s s e n t i a l l y  
cons tan t .  Brandt and C a s s i n e l l i  (1966) f i n d  a beam width of 
43 or 3.2 days from t h e  Mariner I1 d a t a  wh i l e  Mustel (1964) 
g i v e s  4 . 5  days. 
0 
We proceed under t h e  assumption t h a t  t h e  plasma i s  
0 emi t t ed  r a d i a l l y  wi th  a width of about  40 
which i s  c o n s t a n t  w i th  t i m e .  Even though a l l  p a r t i c l e s  
t r a v e l  r a d i a l l y ,  the beam i s  shaped l i k e  an Archimedes s p i r a l  
having a v e l o c i t y  
- 15 - I b 
(Parker  1958) because of t h e  solar r o t a t i o n .  The t i m e  de lay  
is e a s i l y  shown to  be 
r - r  lE - 1 
n c +  
E T =  
W 
where t h e  s u b s c r i p t s  ( ) and ( ) c  refer t o  Ea r th  and t h e  
comet, r e s p e c t i v e l y :  r i s  the  h e l i o c e n t r i c  d i s t a n c e ,  1 i s  
t h e  h e l i o c e n t r i c  l ong i tude ,  and 0 is  t h e  synodic  rate of 
s o l a r . r o t a t i o n  (~13. 3 per  day); t h i s  equat ion  h a s  been 
g iven  by Snyder, Neugebauer, and R a o  (1963), and t h e  i n t e r -  
p r e t a t i o n  of t h e  second term i s  obvious.  
been called a " r a d i a l  t i m e  lag" by Snyder, Neugebauer, and 
R a o ,  b u t  t h i s  terminology ( w h i l e  e n t i r e l y  a c c u r a t e  for the  
case of a s p h e r i c a l l y  symmetric blast  wave) may be misleading 
fo r  t h e  case of a beam w i t h  cons t an t  p r o p e r t i e s  c o r o t a t i n g  
w i t h  the  Sun. Genera l ly ,  the same plasma never  encounters  
E 
0 
The f irst  term has  
b o t h  Ea r th  and t h e  comet. Because w e  have assumed t h a t  
no th ing  varies along t h e  beam, there i s  no va lue  i n  
" l a b e l i n g "  a p a r t i c u l a r  clump of plasma; a l l  t h a t  matters i s  
t h e  associated t i m e  de l ay  f o r  encounter ing t h e  beam. Thus, 
t h e  first term could be i n t e r p r e t e d  as a "cu rva tu re  t e r m "  
caused by the f o r m  of t h e  Archimedes s p i r a l .  
cal  i n t e r p r e t a t i o n  l e a d s  t o  an i d e n t i c a l  express ion .  
The geometri-  
N o t e ,  
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however, t h a t  t h e  "cu rva tu re  term" i m d i c i t l v  depends on t h e  
s o l a r  r o t a t i o n  per iod  and would van i sh  f o r  a non-ro ta t ing  Sun. 
Consider now t h e  two t e r m s  i n  equa t ion  (5). The second 
term depends only on t h e  p o s i t i o n  of  t h e  comet and i s  s t r a i g h t -  
forward t o  apply.  The f irst  term, however, depends on t h e  
v e l o c i t y  a s s o c i a t e d  wi th  the  i n d i v i d u a l  o b s e r v a t i o n s  which 
i s  very poor ly  know, and which sometimes h a s  no p h y s i c a l  
s i g n i f i c a n c e  ( f o r  t he  case of  8 n e g a t i v e ) .  The f i r s t  t e r m  
i s  g e n e r a l l y  s m a l l  because comets are p r e f e r e n t i a l l y  ob- 
served near  ( i n  h e l i o c e n t r i c  d i s t a n c e )  Ear th .  The most 
d i s t a n t  obse rva t ions  from Ear th  which are crucial  t o  t h e  
r e l a t i o n  found between plasma v e l o c i t y  and geomagnetic ac- 
t i v i t y  a r e  those  of Comet Whipple-Fedtke-Tevzadze (1942G). 
The observa t ions  are taken whi le  t h e  comet w a s  a t  a h e l i o -  
c e n t r i c  d i s t a n c e  of about 1 .5  a .u .  and gave t y p i c a l  v e l o c i t i e s  
of 750 km/sec. These f i g u r e s  g i v e  c u r v a t u r e  t i m e s  of about  
1.1 days, a f i g u r e  which should be compared t o  3.2 days or 
4.5 days for  t h e  t y p i c a l  beam w i d t h s  nea r  Ea r th  according 
t o  t h e  f i g u r e s  quoted above. E s s e n t i a l l y  t h e  s a m e  r e s u l t  h o l d s  
for  lower v e l o c i t i e s  because they are p r e f e r e n t i a l l y  ob- 
se rved  n e a r e r  Earth.  The p e r t i n e n t  comets are Mrkos (1957D) 
and F i n s l e r  (1937F), which have mean d i f f e r e n c e s  of t h e  h e l i o -  
b 
I - 17 - 
c e n t r i c  d i s t a n c e s  of Ear th  and t h e  comet o f  0.3 a.u. and 
0.1 a.u. ,  r e s p e c t i v e l y .  Thus, t h e  cu rva tu re  t i m e  i s  s m a l l  
compared to  t h e  width of  t he  beam i n  our  sample of observa- 
t i o n s .  Moreover, Biermann (1953) has  i d e n t i f i e d  a c t i v i t y  
i n  t h e  t a i l  k n o t s  of Comet 19426 on March 29/30, 1943 wi th  
the geomagnetic a c t i v i t y  on t h e  same d a t e s .  The d a i l y  sum 
of t h e  K for  these da te s  averages 31 which corre- 
(CKp) P 
sponds (see eq. 8 )  t o  a mean v e l o c i t y  of 600 km/sec. These 
o b s e r v a t i o n s  could i n d i c a t e  a beam of less c u r v a t u r e  (or 
more n e a r l y  radial)  than does equa t ion  (5 ) .  
F i n a l l y ,  t h e  n a t u r e  o f  t h e  d i s t r i b u t i o n  (Bartels 1963; 
Fig.  5) o f  t h e  geomagnetic K i n d i c e s  is c r u c i a l .  Mean 
c h a r a c t e r i s t i c s  are shown i n  Table 2, The mean i s  thus  
b a s i c a l l y  q u i e t  wi th  K M 2, and t h e  h ighe r  K va lues  ( t y p i -  
c a l l y  4 to  5 f o r  an M reg ion)  are s t a t i s t i c a l l y  rare. I t  
i s  clear  t h a t  t h e  h ighe r  K va lues  must be c o r r e c t l y  i n -  
c luded i n  a t tempt ing  t o  f i n d  a r e l a t i o n  between K and w. 
The h i g h e r  K va lues  should n a t u r a l l y  correspond to  the 
P 
more n e a r l y  radial  beams. Th us, i f  one assumes a rad ia l ,  
beam and f i n d s  a h i a h  K , t he  u s e  o f  t h e  r a d i a l  beam w a s  
correct. I f ,  ho wever. a l o w  g is found, t he  r e s u l t  i s  s t i l L  
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err i n  the d i r e c t i o n  of t h e  assumed beams being  too r a d i a l  
i n  o rde r  t o  c o r r e c t l y  i n c l u d e  t h e  r e l a t i v e l y  rare v a l u e s  of 
h i g h  K . e 
I n  view of t h e  arguments j u s t  p re sen ted ,  t h e  observed 
t i m e s  are c o r r e c t e d  on ly  by the  l o n g i t u d e  d i f f e r e n c e  i n  t h e  
d i s c u s s i o n  t o  follow. This  s impl i fy ing  assumption is  un- 
ques t ionab ly  a weak p o i n t  i n  t h e  a n a l y s i s  p re sen ted  here; 
a t t e n t i o n  must be paid t o  t h e  p a r t i c l e  t r a j e c t o r i e s  i n  t h e  
f u t u r e .  However, some detai led knowledge concerning t h e  
i n t e r a c t i o n  of t h e  f a s t  and slow beams seems t o  be a pre- 
r e q u i s i t e .  By way of comparison, t h e  t o t a l  t i m e  d e l a y s ,  T, 
f o r  t h e  Mariner I1 data w e r e  mainly s m a l l  b u t  showed sub- 
s t a n t i a l  pe r iods  w i t h  va lues  of % t o  1 day; t h e  long i tude  
c o r r e c t i o n  w a s  g e n e r a l l y  t h e  l a r g e r  when T w a s  s i g n i f i c a n t .  
A t o t a l  t i m e  de lay  of z e r o  w a s  assumed i n  d e r i v i n g  t h e  
c o r r e l a t i o n s  and r e l a t i o n s  r e p o r t e d  by Snyder e t  a l .  (1963) ,  
a procedure which r e s u l t e d  i n  v i r t u a l l y  no loss of  accuracy 
p a r t i a l l y  because of t h e  w i d e  beam width,  and p a r t i a l l y  
because of t h e  f o r t u i t o u s  geometry. 
The i n d i c e s  K are a v a i l a b l e  from 1932 (Bartels 1962) ,  e 
a fact  which reduces the t o t a l  number of obse rva t ions  a t  a l l  
l a t i t u d e s  t o  abou t  270; i n  subsequent i n v e s t i g a t i o n s ,  it may 
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be p o s s i b l e  t o  extend the a n a l y s i s  farther back i n  t i m e  by 
means of t h e  v a r i o u s  i n t e r r e l a t i o n s  between the d i f f e r e n t  
geomagnetic i n d i c e s .  N o  attempt h a s  been made to  d i s t i n g u i s h  
streams from t r a n s i e n t  o u t b u r s t s .  The l o n g i t u d i n a l  t i m e  
d e l a y s  w e r e  computed and the corresponding CK t a b u l a t e d .  
The data w e r e  d iv ided  i n t o  four  groups by  CK and t h e  weighted 
means of CK and ($)-I formed by  l a t i t u d e  groups; the r e s u l t s  
are shown i n  F igu re  2. Note that w e  are n o t  seeking  a l a t i -  
t u d e  v a r i a t i o n  of t h e  so la r  wind velocity.  The purpose of 
the l a t i t u d e  groups i s  simply to  see i f  comets a t  high l a t i -  
t u d e  might n o t  be correlated wi th  geomagnetic ac t iv i ty  be- 
c a u s e  of a f i n i t e  e x t e n t  of the beam i n  l a t i t u d e .  I t  does 
n o t  appear  p o s s i b l e  t o  establish ( a t  p r e s e n t )  a v a r i a t i o n  of 




The u n c e r t a i n t i e s  are apprec iab le  as shown by t h e  e r ror  
bars, b u t  the g e n e r a l  t r e n d  as  shown by  t h e  p o i n t s  and by 
the l ea s t  squa res  l i n e s  der ived  f r o m  them is  q u i t e  s i m i l a r  
f o r  a l l  of the l a t i t u d e  groups. F o r t u n a t e l y ,  comets are 
u s u a l l y  observed a t  low l a t i t u d e s  so tha t  the q u e s t i o n  of 
the e x t e n t  of solar M r eg ions  in l a t i t u d e  is n o t  c r u c i a l .  
The available ev idence  (Antrack, Biermann, and L i i s t  1964; 
Biermann and L i i s t  1964) i n d i c a t e s  that  storms extend a t  least  
- 20 - 
to 45O l a t i t u d e .  
related correlation when Ear th  and Comet  Swi f t  (18991) had 
a l a t i t u d e  d i f f e r e n c e  o f  39O. 
i n  longi tude  is approximately 45 , t h e  same e x t e n t  would be 
expected i n  l a t i t u d e  u n l e s s  t h e  l o w e r  plasma d e n s i t i e s  
be l i eved  t o  p r e v a i l  a t  h igh  l a t i t u d e s  permit  a larger e x t e n t  
i n  l a t i t u d e  due t o  expansion. I n  any even t ,  there appears  
t o  be a good chance of  a s i g n i f i c a n t  c o r r e l a t i o n  if t h e  
d i s tu rbed  r eg ion ,  Ea r th ,  and t h e  comet are i n  t h e  same hemi- 
sphere .  Hence, t h e  basic agreement shown i n  F i g u r e  2 may 
n o t  be too s u r p r i s i n g .  
Liist (1961) found evidence f o r  a storm- 
S ince  t h e  extent of M r e g i o n s  
0 
Note,  however, t h a t  c e r t a i n  geomagnetic storm data 
(Priester and C a t t a n i  1962; M u s t e l  1964) and t h e  occurrence  
of aurora  (Chamberlain 1961) could be i n t e r p r e t e d  i n  terms 
of a small e x t e n t  i n  l a t i t u d e  for  t h e  beams. However, ex- 
amination of t h i s  evidence shows t h a t  i t  suppor t s  a small beam 
width only on t h e  s i d e  of t h e  beam toward t h e  s o l a r  equator .  
G e o m a g n e t i c  evidence cannot be used t o  i n v e s t i g a t e  t h e  e x t e n t  
o f  t h e  beams from t h e  a c t i v e  r e g i o n s  toward t h e  p o l a r  r eg ions .  
Indeed, the  geomagnetic and comet d a t a ,  taken t o g e t h e r ,  a rgue  
for  a small  e x t e n t  of t h e  beam i n  l a t i t u d e  from t h e  a c t i v e  
r eg ions  or  t h e  sunspot  bel t  toward  t h e  equa to r  and a l a r g e  
- 21 - 
e x t e n t  toward t h e  p o l a r  reg ions .  
The s o l u t i o n  for a l l  l a t i t u d e s  i s  adopted because i t  i s  
b a s i c a l l y  s i m i l a r  t o  t n e  o t h e r s  and because t h e  random and 
sys t ema t i c  errors  a re  reduced due t o  t h e  l a r g e r  number of 
obse rva t ions  and independent 
i n  Table 1. The e n t r i e s  are 
i n t r i n s i c  d i s p e r s i o n s  i n  (-) 1 
W 
comets. The d e t a i l s  are given 
gene ra l ly  se l f -explana tory :  tne 
a re  converted i n t o  a probable 
CI 1-1 L I  e r r o r  of <;;> v i a  t h e  r e l a t i o n  Iw 
ducing t h e  f a c t o r  Jn’-l i n  equat ion ( 4 ) .  
6 (--) I = 6w and by i n t r o -  
The fou r  adopted mean poin ts  ( w i t h  probable errors)  are  
p l o t t e d  i n  Figure 3 a long  w i t h  tne  p o i n t s  f r o m  Mariner I1 
(Snyder, e t  al. 1963) and t h e  p o i n t s  from t h e  t r a v e l  t i m e s  of  
geomagnetic s t o m s  as determined by Hirsnberg (1965). The 
method of r educ t ion  f o r  t h e  Mariner I1 d a t a  w a s  desc r ibed  
above. The s t o r m  d a t a  (Hirshberg 1965) i s  based s o l e l y  
on c a s e s  where t h e  i d e n t i f i c a t i o n  of f l a r e  event  i s  c e r t a i n ,  
and on t h e  average o f  t h e  3-hour range i n d i c e s  a f o r  t h e  
f irst  fou r  3 hour p e r i o d s  a f t e r  tne s t o r m  sudden commence- 
ment (SSC). The a va lues  given by Hirshberg nave been 




Tne u n c e r t a i n t i e s ,  as  revealed by t h e  e r ror  bars i n  
F i g u r e s  2 and 3, are apprec iab le  a s  would be expected f r o m  
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crude nature of the analysis. Nonetheless, the correlation 
between plasma velocity and geomagnetic activity via CK is 
clearly shown. Trle least-squares line for the comet data 
has been derived with the points given relative weights 
which are inversely proportional to the square of the 
P 
0 - 10 67 
10 - 2c 86 
20 - 3c 70 
30 and 47 
above 
1 - 1  Intrinsic 
Di persion, s (CK ) (-> P W 
(km/sec) 6 (;I (sec/km) 
7 380 0.00090 
15 495 .00075 
25 515 * 00061 
39 635 0 - 00130 
i Probab 1 e Error of 
16 
20 
probable error; the equation fo r  the adopted solution is 
w = 337 -t 7.78 CK (h/sec). (6) P 
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T h i s  i s  t o  be compared with t h e  r e l a t i o n  
w = 330 + 8.44 CK (km/sec) (7) P 
found by Snyder e t  a l .  (1963). The agreement i s  e n t i r e l y  
s a t i s f a c t o r y ,  and a t  l eas t  p a r t l y  f o r t u i t o u s .  
Now t h e  i n t r i n s i c  d i s p e r s i o n  for  Group 4 ( i n  Table 1) 
would be expected t o  be somewhat n ighe r  t nan  t h e  o t h e r  groups 
because o f  t n e  l a r g e r  range i n  CK and because i t  preferen-  
t i a l l y  i n c l u d e s  t h e  observa t ions  w i t h  nega t ive  E. Hence, 
Group 4 i s  no t  a proper i n d i c a t o r  of a p o s s i b l e  decrease  i n  
i n t r i n s i c  d i s p e r s i o n  due t o  a p h y s i c a l l y  s i g n i f i c a n t  grouping. 
However, t h e  i n t r i n s i c  d i s p e r s i o n s  l i s t e d  i n  Table 1 f o r  
Groups 1, 2, and 3 are about a f a c t o r  of 3/2 smaller than  
i n t r i n s i c  d i s p e r s i o n s  obta ined  a s  a r e s u l t  o f  o t h e r  groupings 
such a s  by h e l i o c e n t r i c  d i s t a n c e ,  h e l i o c e n t r i c  l a t i t u d e ,  and 
by sunspot  maximum and minimum a s  show i n  Table 3 (see below). 
T h i s  fact  d e f i n i t e l y  suppor ts  t h e  r e a l i t y  of t h e  r e s u l t s .  
Never the less ,  t h e  primary va lue  of tne cometary d a t a  
P 
does n o t  l i e  i n  t h e  d e t a i l e d  numerical  r e s u l t s .  R a t h e r ,  t h e  
pr imary va lue  l i e s  i n  t h e  independent conf i rmat ion  o f  t h e  basic 
r e l a t i o n  found by Snyder e t  a 1 , f o r  a wider  range of d i s t a n c e s  
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and l a t i t u d e s  and throughout t h e  solar c y c l e .  
A mean l i n e  t ak ing  i n t o  account  t h e  comet, Mariner 11, 
and storm d a t a  has  been drawn i n  F igure  3. It h a s  t h e  
equa t ion  
w = 330 + 9.0 CK (km/sec) . ( 8 )  
P 
The d a t a  i n  F igure  3 h a s  been r e p l o t t e d  i n  terms of t h e  d a i l y  
equ iva len t  p l a n e t a r y  ampli tude,  A i n  Figure 4 (see Maer 
and Dessler 1964).  Again, a mean l i n e  for  a l l  t h e  d a t a  h a s  
been drawn. It can be rep resen ted  by 
P' 
0.20 w = 316 A (h/sec)  . 
P 
N o t e  t h a t  Hirshberg (1965) c o n s i d e r s  t h e  d i r e c t l y  determined 
v e l o c i t i e s  f o r  storms t o o  high by some hundreds of km/sec 
because t h e  sudden s t o r m  commencement i s  probably produced by 
a shock which precedes  t h e  f l a r e - a s s o c i a t e d  plasma. The 
p i c t u r e  presented i s  e n t i r e l y  r easonab le ,  and t h e  n a t u r e  of 
t h e  c o r r e c t i o n  i s  i n d i c a t e d  i n  F igu res  3 and 4. 
Thus, w e  have t h e  fol lowing s i t u a t i o n .  With t h e  v a r i o u s  
p r o v i s o s  and s i m p l i f i c a t i o n s  kept i n  mind, we have i n  equa t ions  
(8) and (9) a s t a t i s t i c a l  r e l a t i o n s h i p  between solar plasma 
v e l o c i t y  and magnetic d i s t u r b a n c e  which i s  v a l i d  over e s s e n t i a l l y  
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t h e  e n t i r e  range of geomagnetic a c i t i v i t y .  
L e t  u s  now u t i l i z e  these  mean r e l a t i o n s  t o  i n v e s t i g a t e  
t h e  v a r i a t i o n  of t h e  mean plasma v e l o c i t y  throughout tne  1 1 . 2  
year  solar  cyc le .  Bartels (1963) h a s  c l a s s i f i e d  t h e  y e a r s  i n  
t h e  so la r  c y c l e  i n t o  f i v e  groups and h a s  t a b u l a t e d  t h e  f r e -  
quency of occurrence o f  tne d i f f e r e n t  va lues  of K . Mean K ' s  
nave been computed from Bartels '  f i g u r e s  (1963; Fig.  5) and 
t h e s e  are r e a d i l y  converted i n t o  mean v e l o c i t i e s  for t h e  
class y e a r s  i n  ques t ion  us ing  equat ion  (8) .  The r e s u l t s  are 
shown i n  Table 2 ;  here  (R) is  t h e  mean Z i i r i ch  r e l a t i v e  
sunspot  number. 
P P 
The mean plasma v e l o c i t y  i s  conspicuous by  i t s  lack o f  
v a r i a t i o n  through t h e  solar cycle .  Snyder e t  a l .  (1963) found 
no dependence of t h e  plasma v e l o c i t y  on t h e  sunspot number. 
Tnus, t h e  y e a r l y  mean v e l o c i t y  of t h e  solar wind i s  e s s e n t i a l l y  
c o n s t a n t  throughout t h e  s o l a r  cycle: tne y e a r s  o f  maximum 
and minimum d i f f e r  b a s i c a l l y  only i n  t h e  r e l a t i v e  frequency 
of t h e  more i n t e n s e  and r a r e  geomagnetic d i s t u r b a n c e s  and 
a s s o c i a t e d  high plasma v e l o c i t i e s .  
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Mean Plasma Velocity and t h e  Solar Cycle 
Bartels 
C l a s s  






Minimum 6 .4  
Ascending 61 .5  
Maximum 152.0  
A f t e r  m a x i m u m  119.6  
Before m i n i m u m  34 .2  
A l l  75 .3  
Typical M region - 
1.85 
1 .g9  












I V .  POSSIBLE TANGENTIAL VELOCITY O F  THE SOLAR PLASMA 
Tne va lue  of t h e  t a n g e n t i a l  v e l o c i t y  i s  of i n t e r e s t  i n  
tne tneo ry  of t h e  o r i g i n  of t h e  s o l a r  wind and, i n  p a r t i c u l a r ,  
i n  terms of t h e  i n t e r a c t i o n  between tile s o l a r  plasma and t h e  
extended solar  (now i n t e r p l a n e t a r y )  magnetic f i e l d .  Tne s tudy  
o f  comet t a i l s  can be of  va lue  i n  t h i s  problem because a 
t a n g e n t i a l  component of t h e  solar-wind plasma snould produce 
a sys t ema t i c  s n i f t  i n  t h e  t a i l  o r i e n t a t i o n s  of d i r e c t  comets 
r e l a t i v e  t o  r e t r o g r a d e  comets. For example, i f  tne comet ' s  
v e l o c i t y  i s  i n  tne same d i r e c t i o n  as tne t a n g e n t i a l  v e l o c i t y  
of t h e  plasma, t h e  azimutnal  v e l o c i t y  of t n e  
t o  t h e  plasma i s  much reduced. 
Consider now equat ion  (1) w i t n  t h e  t e r m  
r e t a i n e d .  The angle  i is  t h e  i n c l i n a t i o n  of 
comet r e l a t i v e  
i n  w cos i 
tne o r b i t  of t h e  
t 
0 comet t o  t h e  p lane  of tne e c l i p t i c ;  i t  i s  0-90 for  d i r e c t  
comets and 90-180 f o r  r e t rog rade  comets. I f  one assumes t n a t  
t h e  t a n g e n t i a l  v e l o c i t y  i s  r e l a t e d  t o  t n e  solar  r o t a t i o n ,  one 
sriould use tne p l ane  of t h e  s o l a r  equator  i n s t e a d  of t h e  p l ane  
of t h e  e c l i p t i c .  
and, hence,  no d i s t i n c t i o n  i s  made i n  t h i s  i n v e s t i g a t i o n .  
Equation (1) can be r e w r i t t e n  f o r  d i r e c t  and r e t r o g r a d e  comets 
by t ak ing  a b s o l u t e  va lues  of cos  i and e x p l i c i t l y  e x n i b i t i n g  t h e  
0 
Tnese p l a n e s  d i f f e r  by on ly  7O i n c l i n a t i o n ,  
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s i g n .  If w and w are assumed t o  be c o n s t a n t ,  t h e  d i f f e r e n c e  
of t h e  equat ions for  direct  and r e t r o g r a d e  comets g i v e s  
r t 
[ ( t a n  - ( t a n  c )  
w =  t [(lcos il> + ((cos io,] ('>-l w (km/sec). (10) 
R 
The q u a n t i t i e s  needed t o  e v a l u a t e  equa t ion  (10) are 
t abu la t ed  i n  Table 3. The complete sample of comets g i v e s  
a f a i r l y  well-determined va lue  of +9 km/sec, i .e . ,  i n  t h e  
d i r e c t i o n  of t h e  solar r o t a t i o n .  A va lue  - 10  km/sec i s  
probably r e p r e s e n t a t i v e .  
Tne cons i s t ency  and effects  o f  excluding v a r i o u s  comets 
from t n e  s o l u t i o n  can be i n v e s t i g a t e d  by d i v i d i n g  t h e  ob- 
s e r v a t i o n s  i n t o  groups of equa l  weight by h e l i o c e n t r i c  d i s t a n c e ;  
t h i s  is a simple way t o  s e p a r a t e  tne i n d i v i d u a l  comets and 
should not be considered as  a searcn for  t h e  h e l i o c e n t r i c  
v a r i a t i o n  of plasma v e l o c i t y  (see Sec t ion  V ) .  Tne s o l u t i o n  
for  a l l  obse rva t ions  i s  t h e  one quoted above (also shown i n  
t h e  l a s t  l i n e  o f  Table 3) and is  w = 9 km/sec and w = 448 
km/sec. 
t r 
Wnen t h e  s o l u t i o n s  are s p l i t  i n t o  2, 3, and 4 groups,  t h e  
r e s u l t  i s  t h a t  t n e  v e l o c i t i e s  f o r  t n e  group exter ior  t o  1 .4  
a.u. (and hence i n c l u d i n g  l a r g e l y  Comet  19420) i n c r e a s e  soma- 
wnat w i t h  respect t o  t h e  v a l u e s  quoted i n  t h e  l as t  paragraph 
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wiiile the solutions for tne otner groups (and nence, essentially 
all the otner comets) gives consistently w 4 f 2 km/sec 
(p.e.1 and w = 380 km/sec. The tangential velocity shows 
up in the groups and nence appears to be quite real. Now 
t 
r 
we must ask wnetner or not this group (or subgroup) is repre- 
sentative of typical interplanetary conditions. Only values 
of w can be compared witn otner evidence because triere are no 
otner values of w The discussion by Snyder, et al. (1963) 
r 
t' 
and the discussion given here in Section I11 (see Table 2) 
indicates that a mean representative value is w 
Thus, our sample of comet observations is deficient in ob- 
servations of hign velocity and nigh CK . The inclusion of 
M 500 km/sec. r 
P 
Comet 19426 raises tne mean w from 380 km/sec to 448 km/sec; r 
the latter value is fairly close to the figure of 500 km/sec 
believed to be representative. The inclusion of the observa- 
tions of Comet 19426 substantially relieves the deficiency of 
observations witn nigh CK and apparently makes tne sample 
of comet observations more nearly representative of typical 
P' 
interplanetary conditions. Thus, the inclusion of Comet 
19426 in the determination of w appears to be correct on 
the basis of the data presently available. 
t 
The variation of w witn CK implied in the last para- 
t P 
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graph is qualitatively in the sense expected by theory and lends 
support for the values found. If conditions are quiet and 
undisturbed in the interplanetary meiium, then one expects tne 
plasma and the magnetic field to interact more or less 
according to tne analogy suggested by Axford, et al. (1963). 
Here the field lines corotate with the Sun like the grooves in 
a phonograph record while the plasma moves througn the field 
like the needle on a record. In tnis situation, there is little 
interaction between the field and the plasma, and little 
torque is exerted on the plasma by the corotating field. 
However, wnen the situation is disturbed by the penetration 
of an enhanced beam, the simple, smooth situation cannot 
exist and tne Sun may exert a torque on tne enhanced plasma 
through the lines of force. Thus, the situation expected 1 
'I am indebted to Professor L. Biermann for correspondence 
concerninq this point. 
hnd found are tne same. It is noted that the tangential 
velocities found here are entirely consistent with tne upper 
limits found by Antrack et al. (1962). 
The tangential velocity at Earth has been estimated 
in tne past by assuming solid-body rotation of the plasma with 
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*The smal l  cnange i n  t h e  number of obse rva t ions  i n  each subgroup i s  due 
t h e  exc lus ion  of obse rva t ion  w i t h  w- l  > 0.02. This  i s  done t o  exclude 
le s p u r i o u s  o b s e r v a t i o n s  below 50 km/sec ( see  Sec t ion  11) t o  avoid a pos- 
i b l e  s i n g u l a r i t y  i n  w - l  (which  can be  seen by so lv ing  eq. (1) f o r  w - l ) .  
tThe l a s t  l i n e  i n  t h e  t a b l e  (for wt = 9 km/sec) b e s t  r e p r e s e n t s  t h e  over  - 
L 1  sample of comet obse rva t ions  under d i scuss ion  he re .  
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the Sun out to a cutoff distance, and conservation of angular 
momentum beyond. Axford et al. (1963) have estimated the extent 
of the region of solid body rotation as 10 solar radii, a 
number which leads to a tangential velocity of - 1 km/sec at 
the orbit of Earth. Within this simple framework, 10 km/sec 
tangential velocity at Earth implies corotation to about 30 
solar radii. The larger magnetic fields associated with the 
active regions and thus presumably witn the M region streams 
may be able to enforce corotation to substantial distances. 
The tangential component of the plasma velocity is of 
interest in connection with the aberration angle of Earth's 
magnetic tail. For typical conditions, say, wr = 500 km/sec, 
0 0 tne angle e is 3. 4 and 2. 3 for a w of zero and 10 km/sec. 
For quiet conditions, say, w = 350 km/sec and wt = 5 km/sec 
and zero, e = 4. 1 and 4.  9, respectively. For disturbed 
conditions, say w = 750 km/sec and w = 15 km/sec, c = 1. 1. 






r t E 
varying conditions could provide a direct test of the picture 
presented here. 
The tangential velocity may also be of interest in con- 
nection with the angular momentum of the Sun. The solar wind 
carries off angular momentum, and, as Dicke (1964) has pointed 
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o u t ,  t h i s  s i t u a t i o n  could be e f f e c t i v e  i n  main ta in ing  a regime 
i n  which the Sun has  a r a p i d l y  r o t a t i n g  core b u t  a s lowly 
r o t a t i n g  atmosphere. This  sub jec t  bears on t h e  q u e s t i o n  of 
t h e  dynamical e c c e n t r i c i t y  of  tne Sun, and, f u r t n e r ,  on t h e  
advance of tne p e r i n e l i o n  o f  Mercury as  a t e s t  o f  gene ra l  
r e l a t i v i t y .  I f  tne s i t u a t i o n  i s  i d e a l i z e d  t o  angular  momentum 
be ing  c a r r i e d  tnrougn a cy l inde r  of t o t a l  he ign t  equa l  t o  
1 a. u.  a t  the o r b i t  of E a r t h  by a solar wind w i t h  w = 500 r 
km/sec, Ne = 4/cm3, and w = 10  km/sec, tne Sun loses angular  t 
3 30 2 
E e H r t  momentum a t  t h e  r a t e  of 2nr N m w w = 7 x 10 g-cm2/sec . 
48 Tne  t o t a l  angular  momentum of  t n e  Sun i s  about 1 . 7  x 10 
g-cm /sec (Allen 1963, p. 161). Thus, w e  have an e-folding 
t i m e  f o r  solar r o t a t i o n  of  7 x 10 y e a r s ,  a t i m e  w n i c h  i s  
close t o  t h e  p r e s e n t l y  accepted age of t h e  Sun, 5 x 10 yea r s  
(e .g . ,  Schwarzsohild 1958) ; t n e  d e c e l e r a t i o n  t i m e  could be 
somewhat l o w e r  (- x 4) on t h e  b a s i s  o f  t h e  h ighe r  (but  pre- 
l imina ry )  d e n s i t i e s  found from t h e  Massachuset ts  I n s t i t u t e  




s i n k  of angular  momentum supplied by t h e  corona and t h e  solar 
wind may w e l l  be important  i n  tne s t r u c t u r e  and evo lu t ion  o f  
tne Sun. 
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V. THE SAMPLE OF COMET OBSERVATIONS AND 
SOME POSSIBLE RESULTS OF THE BIAS 
One may w e l l  now i n q u i r e  about possible v a r i a t i o n s  of 
t n e  v e l o c i t y  of t h e  solar  wind a s  a f u n c t i o n  of o t h e r  v a r i -  
ables such a s  h e l i o c e n t r i c  d i s t a n c e ,  h e l i o c e n t r i c  l a t i t u d e ,  
and phase of t h e  sunspot  cyc le .  Pf lug  (1965) h a s  r e p o r t e d  
c e r t a i n  r e s u l t s  r e l a t i n g  t o  t h e s e  v a r i a b l e s ,  and we  r e t u r n  
subsequently t o  a d i s c u s s i o n  o f  P f l u g ' s  r e s u l t s .  
To show how our  sample i s  d i s t r i b u t e d ,  we  have cons t ruc t ed  
nistograms by weight and by number f o r  t h e  o b s e r v a t i o n s  as  
a func t ion  of d i s t a n c e ,  l a t i t u d e ,  and phase i n  tne solar 
cyc le ;  d i r e c t  and r e t r o g r a d e  comets a r e  p l o t t e d  s e p a r a t e l y  i n  
F igu res  5 - 7. The b ias  i s  immediately seen t o  be seve re  i n  
a l l  cases except p o s s i b l y  t h e  d i s t r i b u t i o n  i n  h e l i o c e n t r i c  
d i s t a n c e .  
The v e l o c i t y  a s  a func t ion  of d i s t a n c e  i s  e a s i l y  i n v e s t i -  
ga ted  as i s  shown i n  Table 3. The d a t a  i n  t h e  tab le  i n d i c a t e  
a sha rp  inc rease  i n  t h e  plasma v e l o c i t y  beyond Ear th  a t  a 
h e l i o c e n t r i c  d i s t a n c e  of  about 1.4 a.u.  Th i s  r e s u l t  i s  
c l e a r l y  r i d i c u l o u s  i n  terms of  a h e l i o c e n t r i c  v a r i a t i o n  and 
apparent ly  i s  caused by one comet (1942G) wi th  h igh  weignt 
obse rva t ions  be ing  a t  a d i s t a n c e  of approximately 1.5 a.u. 
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d u r i n g  a t i m e  of r e l a t i v e l y  high geomagnetic and solar 
a c t i v i t y .  Thus t h e  v a r i a t i o n  seen i s  e a s i l y  explicable i n  
terms of t h e  r e l a t i o n  between w and CK a s  d i scussed  i n  
S e c t i o n  111. 
P 
The l a t i t u d e  dependence of t h e  solar wind found b y  
P f l u g  (1965) i s  i n  t h e  sense t h a t t h e  v e l o c i t y  i s  a minimum 
between t h e  solar l a t i t u d e s  of 20-30 ; t h e  s a m e  r e s u l t  i s  
found f r o m  t h e  sample of obse rva t ions  a v a i l a b l e  i n  t h e  comet 
ca t a logue .  I n  terms of solar  phys ic s ,  t h i s  r e s u l t  i s  v e r y  
d i f f i c u l t  t o  unders tand .  S t a t i s t i c a l l y ,  i t  seems t o  r e s u l t  
f r o m  t h e  f ac t  t h a t  t h e  comet 19426 ( w i t h  h igh  v e l o c i t i e s )  l i e s  
a t  v e r y  low l a t i t u d e s .  Note t n a t  t h e  r e s u l t  appears t o  s t e m  
from t h e  l o c a t i o n  of t h e  comet and t h e  exp lana t ion  s a y s  
no th inq  about  t h e  l a t i t u d e  d i s t r i b u t i o n  of plasma v e l o c i t i e s  
i n  solar M r eg ions .  The c u r r e n t  i d e a s  (as d i scussed  above) 
concerning t h e  angu la r  e x t e n t  of M reg ion-assoc ia ted  beams 
ascribe s i zes  M 45O and mean t n a t  i t  w i l l  be v e r y  d i f f i c u l t  
t o  es tab l i sh  any l a t i t u d e  dependence o f  t h e  plasma v e l o c i t y .  
The minimum requirement  i s  t n a t  of i d e n t i f i c a t i o n  of t h e  s i t e s  
of t h e  o r i g i n  of t h e  plasma (e .g . ,  t h e  M-regions) on t h e  Sun, 
and,  a s  w e  have noted ,  t h i s  cannot be done. Indeed,  i t  appears 
t h a t  a dependence of t h e  plasma v e l o c i t y  on l a t i t u d e  cannot  
0 
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be e s t a b l i s h e d  wi th  t h e  d a t a  p r e s e n t l y  a v a i l a b l e .  
L a s t l y ,  t h e  comparison can be made between y e a r s  of 
solar maximum and solar minimum. S ince  comet 1942G f a l l s  i n  
y e a r s  of " s o l a r  minimum", t h e  a n a l y s i s  a c t u a l l y  shows a 
plasma v e l o c i t y  g r e a t e r  a t  solar minimum than  a t  solar  max- 
i m u m  as  previous ly  r epor t ed  (Brandt 1965) .  Thus, t h e  
s t r a igh t fo rward  approacn of o b t a i n i n g  dependences f o r  tne 
solar wind v e l o c i t y  i n  t h e  b i a sed  sample i s  no t  adequate.  It 
i s  necessary  t o  i d e n t i f y  a p h y s i c a l  v a r i a b l e  and cal ibrate  
i t  i n  the  sample t o  o b t a i n  "meaningful" r e s u l t s .  Th i s  i s  t h e  
approach (hopefu l ly)  adopted i n  Sec t ion  I11 where  t h e  r e l a t i o n  
between CK and w i s  d iscussed .  A l l  o f  t h e  "pseudo-variat ions"  
o f  plasma v e l o c i t y  descr ibed  here ( w i t h  h e l i o c e n t r i c  d i s t a n c e ,  
l a t i t u d e  and solar c y c l e )  are simply e x p l i c a b l e  on t h e  basis 
o f  a b iased  d i s t r i b u t i o n  and t h e  r e l a t i o n  between w and CK 
P 
P. 
The sample of  comet obse rva t ions  a v a i l a b l e  t o  Pf lug  and . .  
m e  must be r a t n e r  s imi l a r ,  p a r t i c u l a r l y  s i n c e  both  samples 
depend s t r o n g l y  on t h e  obse rva t ions  o f  H o f f m e i s t e r  (1943). 
Thus, i t  seems t h a t  t n e  c u r i o u s  l a t i t u d e  dependence found by 
Pf lug  (1965, 1966) should t e n t a t i v e l y  be a s c r i b e d  t o  t h e  
r e s u l t  of bias i n  t h e  sample o f  comet obse rva t ions .  
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V I .  DISCUSSION 
H e r e  w e  b r i e f l y  review t h e  r e s u l t s  and d i s c u s s  t h e i r  
r e l a t i o n  t o  o t h e r  i n v e s t i g a t i o n s .  The basic methods and 
phi losophy were descr ibed  i n  Sect ion I and a l o w e r  bound 
of 150 5 50 km/sec t o  t h e  plasma v e l o c i t y  w a s  der ived  i n  
Sec t ion  11. This  lower bound i s  e n t i r e l y  c o n s i s t e n t  w i t h  
t h e  r e s u l t s  of Sec t ion  I11 as snown i n  Table 1; tne " i n t r i n -  
sic d i s p e r s i o n "  i s  roughly 200 km/sec wnich leads t o  a lower 
bound compatible w i t h  t h e  r e s u l t  d i r e c t l y  determined. 
Tne major r e s u l t  of Sect ion I11 confirms t h e  dependence 
of t n e  plasma v e l o c i t y  on geomagnetic a c t i v i t y  as iirst found 
by Snyder e t  a l ,  (1963), and as extended by Hirsnberg (1965). 
It snould be r e i t e r a t e d  t h a t  the  pr imary va lue  l i e s  i n  t h e  
independent conf i rmat ion  of  t h e  r e l a t i o n s h i p  and i t s  ex tens ion  
t o  a wider range of h e l i o c e n t r i c  d i s t a n c e s ,  solar  l a t i t u d e s ,  
and phases  i n  t h e  sunspot cycle:  t h e  numerical  agreement 
found must be a t  l ea s t  p a r t i a l l y  f o r t u i t o u s .  The r e s u l t s  
could be in f luenced ,  f o r  example, i f  t h e  motion o f  plasma 
a s s o c i a t e d  wi th  geomagnetic d i s tu rbances  snowed l a r g e  sys- 
tematic d e p a r t u r e s  from t h e  r a d i a l  d i r e c t i o n  o t h e r  t han  t h e  
simple, t a n g e n t i a l  v e l o c i t y  included here.  
It should be noted t h a t  the Mariner 11, comet, and s t o r m  
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data nicely compliment one another. The Mariner data are 
the most accurate, but severely limited in space and phase 
of the solar cycle. The comet observations are relatively 
inaccurate, but cover a wider area in space and, particularly, 
phase of the solar cycle. The storm data extend the relation= 
ship into the realm of high geomagnetic indices and higher 
velocities which are not covered by the Mariner I1 or comet 
data. With the present state of the art, the minimum vel- 
ocity of the solar wind and tne tangential velocity can be 
studied only through the comet data. 
Evidence for a tangential component for the solar plasma 
velocity of about 10 km/sec (but varying with solar activity) 
was presented in Section IV: possible bias in the sample, 
namely, the fact tnat retrograde comets tend to come at solar 
maximum (and vice versa) in our sample, may cloud the issue 
somewhat (see Fig. 7). However, the agreement with a 
qualitative theoretical picture togetner with tne absence of 
a significant variation in the mean value of tne plasma 
velocity from solar maximum to minimum supports the reality 
of the results found. These may be of interest, in discussions 
of Earth's magnetic tail and concerning the disposition 
of solar angular momentum. 
- 3 9  - 
The sample of comet obse rva t ions  w a s  found t o  be b ia sed  
i n  Sec t ion  V. T h i s  b i a s  may be r e s p o n s i b l e  L o r  tne c u r i o u s  
l a t i t u d e  dependence of t h e  s o l a r  plasma v e l o c i t y  found by 
Pflug(1965)  where t h e  plasma v e l o c i t y  i s  l eas t  i n  t h e  sun- 
spot zones ( l a t i t u d e  20°- 35 ) .  However, t h e  gene ra l  run 
of v e l o c i t i e s ,  namely 400 t o  500 km/sec, found by  Pf lug  (1965) 
a g r e e s  w i t h  t n e  r e s u l t s  found here ,  t h e  Mariner I1 r e s u l t s  
(Snyder e t  a l .  1463) , t h e  pre l iminary  r e s u l t s  f r o m  IMP-1 
o f  360 40 km/sec (Lyon 1965) ,  and t h e  va lue  of  385 45 
0 
km/sec found by Ness and Wilcox (1964) from 
t h e  i n t e r p l a n e t a r y  magnetic f i e l d  s t r u c t u r e  
iment on IMP-1 and by seeking a c o r r e l a t i o n  
magnetic s t r u c t u r e .  2 
a sampling o f  
througn an exper- 
w i t h  photospher ic  
- 
L N o t e  however, t h a t  t h e  v e l o c i t i e s  found by Lust (1961) f o r  
storms producing a c t i v i t y  i n  comet t a i l s  ( increased  number and 
s i z e  of t a i l  knots, e tc . )  are g e n e r a l l y  q u i t e  l o w  compared 
t o  t h e  va lue  l o 3  km/sec w n i c n  should apply.  Poss ib ly  t n e  
comparison r e q u i r e s  t h e  i d e n t i f i c a t i o n  of  t h e  equ iva len t  of  
t h e  SSC event  on E a r t h  (Hirshberg 1565) whereas,  very  c rude ly ,  
t h e  inc reased  a c t i v i t y  may correspond t o  a pe r iod  l a t e  i n  
t h e  main phase of a major s t o r m .  T h i s  could be t h e  case i f  
tne comet i s  enveloped by t h e  storm plasma, magnetic d i s t u r -  
bances a r e  propagated down t o  t h e  nuc leus ,  t h e  t a i l  plasma 
(CO') f o r  t h e  enhanced kno t s  i s  produced, and then  t h e  en- 
hanced knots  e x i t  from the coma where tney  are  observed. 
T h i s  i n v e s t i g a t i o n  concerns o n l y  Type I comets and g i v e s  
no d i r e c t  in format ion  concerning plasma d e n s i t i e s .  The he l io-  
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c e n t r i c  d i s t a n c e  probed ex tends  t o  approximately 1.8 a.u. 
wnich i s  g e n e r a l l y  t h e  l i m i t  of t h e  e x t e n t  of Type I comets. 
Bel ton (1965b) has  i n v e s t i g a t e d  t h e  properties of Type I1 
t a i l s  ( including t h e  ones a s s o c i a t e d  wi th  d i s t a n t  comets) and 
f i n d s t h a t  mucn of t n e  evidence f o r  a t r a n s i t i o n  r eg ion  i n  
v e l o c i t y  nea r  2 a.u. as suggested by Brandt (1962) no longe r  
e x i s t s .  However, c e r t a i n  properties o f  comets and, perhaps ,  
cosmic r ays  ( s p e c i f i c a l l y ,  t h e i r  s t o r a g e )  r e q u i r e  exp lana t ion .  
Perhaps the  i n t e r p l a n e t a r y  plasma i s  n o t  involved o r  per- 
haps a d i f f e r e n t  p rope r ty  (other  than  v e l o c i t y )  undergoes a 
change. 
Beyer (e .g . ,  1953) has  presented  cons ide rab le  evidence 
which snows t h a t  t h e  b r i g n t n e s s  of comet comas i s  c l o s e l y  
c o r r e l a t e d  w i t h  sunspot number. A number of  independent 
i n v e s t i g a t i o n s  have  shown t h a t  t h e  solar plasma v e l o c i t y  i s  
n o t  c o r r e l a t e d  w i t h  sunspot  number, and, moreover, t h a t  t h e  
mean plasma v e l o c i t y  does no t  va ry  markedly over  t h e  solar 
cyc le .  Hence, t h e  v e l o c i t y  of t h e  solar plasma cannot be 
t h e  p rope r ty  r e s p o n s i b l e  for  tne b r i g n t n e s s  of comet comae. 
The sunspot number g i v e s  an i n d i c a t i o n  of  t h e  number and ex- 
t e n t  of a c t i v e  r eg ions  on t h e  Sun. Their primary character- 
i s t i c  (bes ides  possible plasma emission)  i s  an enhancement of 
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extreme u l t r a v i o l e t  and x-ray emission. Thus, i t  is possible 
t h a t  e n e r g e t i c  photons and n o t  plasma are r e s p o n s i b l e  for  t h e  
p roduc t ion  of t h e  ma te r i a l  which scatters s o l a r  r a d i a t i o n  t o  
produce t n e  observed comet comae. T h i s  p o s s i b i l i t y  i s  n o t  
s u r p r i s i n g ,  b u t  i t  serves once aga in  t o  emphasize t h e  in-  
dependent p h y s i c a l  n a t u r e  of t he  coma and t h e  t a i l ;  an a l t e r -  
n a t e ,  b u t  u n l i k e l y ,  i n t e r p r e t a t i o n  would a t t r i b u t e  changes i n  
coma p r o p e r t i e s  t o  changes i n  t h e  plasma d e n s i t y  and temper- 
a t u r e .  
The ch ief  d i f f i c u l t y  w i t h  t n i s  i n v e s t i g a t i o n  concerns  
t h e  l a r g e  a t t r i t i o n  o f  comet obse rva t ions .  Var ious  observa- 
t i o n s  must be thrown o u t  because t n e y  are v i s u a l  (Beyer 1947,  
Be l ton  and Brandt 1966) of Type I1 comets, of comets w i t n  
unsepa ra t ed  Type I and Type I1 t a i l s ,  of comets observed 
o n l y  wh i l e  Ea r tn  w a s  n e a r l y  i n  t h e  p l ane  of t h e  comet ' s  
o r b i t ,  of comets before 1932 (and hence no K v a l u e s ) ,  and 
of comets wi th  l a t i t u d e s  g r e a t e r  t n a n  a s p e c i f i e d  va lue .  Thus 
t h e  i n v e s t i g a t i o n  began w i t h  about 1600 obse rva t ions  and, 
wnen a possible l a t i t u d e  dependence of t n e  CK v e r s u s  w 
r e l a t i o n  w a s  i n v e s t i g a t e d  i n  Sec t ion  111, o n l y  100 - 300 
obse rva t ions  remained. It is f o r t u n a t e  t h a t  tne w v e r s u s  CK 
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(19426) and Mrkos (1957D) because b o t h  comets are  w e l l  
observed and because t h e  l a r g e  a t t r i t i o n  p rec ludes  any 
s t a t i s t i c a l  n i c e t i e s .  Th i s  s i t u a t i o n  underscores  t h e  need 
for a d d i t i o n  r educ t ion  o f  o l d e r  plates and t h e  cont inuous 
pa t ro l  of new comets. 
I am indebted t o  D r .  M. J. S. Belton for h i s  i n t e r e s t  
throughout t h e  course  of t h i s  i n v e s t i g a t i o n :  va luab le  con- 
v e r s a t i o n s  and correspondence w i t h  Professor L. Biermann 
a r e  a l s o  acknowledged. D r .  Joan Hirsnberg k i n d l y  suppl ied  
t h e  points for  t h e  storm d a t a .  P o r t i o n s  o f  t h e  c a l c u l a t i o n s  
w e r e  performed by Mrs. Linda Scneer and Marvin W. Stephens.  
Comments by anonymous referees  nave improved t h e  pre- 
s e n t a t i o n  of t h i s  mater ia l .  
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Appendix A 
The comets used in this investigation, number of observations, 
and their total weight. 
Name Desiqnation N o .  Weiqht 
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FIGURE CAPTIONS 
FIGURE 1 -- Histograms snowing t h e  lower c u t o f f  i n  t h e  solar 
wind v e l o c i t y .  The p lo t s  are by weight and number and 
for a t a n g e n t i a l  v e l o c i t y  of 0, 7, and 18 km/sec. The p l u s  
s i g n  t o  t h e  r i g h t  o f  each diagram symbol ica l ly  r e p r e s e n t s  t h e  
a d d i t i o n a l  obse rva t ions  wi th  v e l o c i t i e s  g r e a t e r  t han  400 km/sec 
which a r e  n o t  shown. The d o t t e d  part  o f  t h e  h is tograms be- 
tween 0 and 100 km/sec shows t h e  r e s u l t  of t h e  i n c l u s i o n  of 
a suspec t  observa t ion :  see tex t  f o r  f u r t h e r  d i s c u s s i o n .  
FIGURE 2 -- The va r ious  s o l u t i o n s  f o r  t h e  w v e r s u s  CK 
r e l a t i o n  based s o l e l y  on cometary d a t a .  The s o l u t i o n  w i t h  a l l  
obse rva t ions  i s  denoted by  f i l l e d  c i rc les  and t h e  least  squares 
f i t ,  w = 337 + 7.78 CK i s  shown by  t h e  s o l i d  l i n e .  The 
s o l u t i o n  r e s t r i c t e d  t o  solar l a t i t u d e s  less t h a n  f7Oo is 
P 
PI 
rather s imilar  t o  the  t o t a l  s o l u t i o n ,  and t h e  least  squa res  
f i t ,  w = 333 + 8.11 CK i s  no t  shown. The s o l u t i o n  re- 
s t r i c t e d  t o  solar l a t i t u d e s  l e s s  than  f. 45O i s  denoted by 
crosses, and tne leas t  squa res  f i t ,  w = 363 -t 7.98 CK i s  
shown as  a dot-dashed l i n e .  F i n a l l y ,  a s o l u t i o n  r e s t r i c t e d  
t o  solar l a t i t u d e s  less t han  i25 i s  denoted by  squa res ,  and 
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dashed l i n e .  The e r r o r  b a r s  g ive  t h e  probable error  of  t h e  
mean. 
The errors shown are  apprec iab le ,  b u t  t h e  gene ra l  t r e n d  
i n  a l l  cases i s  q u i t e  s i m i l a r .  N o t e  t h a t  no l a t i t u d e  dependence 
o f  t h e  solar  wind v e l o c i t y  i s  implied he re .  
FIGURE 3 -- The d a t a  from comets, Mariner 11, and geomagnetic 
storms p l o t t e d  toge the r  t o  show a mean w ve r sus  CK r e l a t i o n .  
The comet d a t a  i s  shown by open circles (with error  b a r s ) ,  
t h e  Mariner I1 d a t a  i s  p l o t t e d  a s  d o t s ,  and t h e  observed 
storm d a t a  c r o s s e s ;  t h e  squares  are  n e a r l y  on t h e  mean l i n e  
f o r  t h e  storm d a t a  a f t e r  c o r r e c t i o n  f o r  t h e  detached shock. 
The arrows show t h e  amount of the  c o r r e c t i o n  and t h e  t h r e e  
o r i g i n a l  p o i n t s  a s soc ia t ed  w i t h  t h e  arrows l i e  n e a r l y  on t h e  
mean l i n e  fo r  t h e  uncorrected storm d a t a .  Tne s o l i d  mean 
P 
l i n e  w a s  drawn by  eye and has  the  equat ion  shown. 
FIGURE 4 -- The d a t a  from comets, Mariner 11, and geomagnetic 
storms p l o t t e d  toge the r  t o  show a mean w v e r s u s  A (loga- 
r i t n m i c )  r e l a t i o n ;  s ee  cap t ion  t o  F ig .  3 f o r  t h e  symbols. 
The mean l i n e  nas  t h e  equat ion  shown and w a s  drawn by  eye. 
P 
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FIGURE 5 -- Histogram showing the distribution of direct 
and retrograde comets with heliocentric distance by weight 
and by number. Each interval of 0.05  is split into two 
sections with the left-hand side showing the data for direct 
comets and tne right-hand side for retrograde comets. This 
graph shows the best distribution for a geometrical or 
temporal variable: see Figs. 6 and 7. 
FIGURE 6 -- Histogram showing the distribution of direct and 
retrograde comets with heliocentric latitude by weight and 
by number. The format follows tnat of Fig. 5. Note tnat 
direct comets are preferentially observed at lower latitudes 
while retrograde comets are preferentially observed at nigher 
latitudss. 
FIGURE 7 -- Histogram showing the distribution of direct 
and retrograde comets with solar phase by weignt and by 
number. Solar phase here runs linearly from minimum to 
minimum. Hence, minimum is at phase 0.0 and maximum at 
phase 0.41 (on the average). The format follows that of 
Figs. 5 and 6. 
Besides the rather spotty distribution,  not ice  that on 
tne average, we observe retrograde comets at  solar maximum 
and d irec t  comets near minimum. 
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